
THE ASTRONOMICAL JOURNAL, 119 :3026È3043, 2000 June
2000. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

CIRCUMSTELLAR DISK CANDIDATES IDENTIFIED FROM ULTRAVIOLET EXCESSES IN THE ORION
NEBULA CLUSTER FLANKING FIELDS

L. M. REBULL,1,2 L. A. HILLENBRAND,3 S. E. STROM,4 D. K. DUNCAN,1 BRIAN M. PATTEN,2,5 C. M. PAVLOVSKY,2,6
R. MAKIDON,6 AND MARK T. ADAMS7
Received 1999 October 15 ; accepted 2000 March 2

ABSTRACT
We present an optical study of four 45@] 45@ Ðelds centered east, west, north, and south of theD0¡.5

Orion Nebula Cluster center. We have measured V and photometry for D5000 stars, and U photo-ICmetry for D1600 of these. We have obtained spectral classiÐcations for D300 of the stars with UV ICphotometry plus an additional D200 stars located outside the area of our photometric survey. Dered-
dened photometry allows us to investigate the evidence for circumstellar accretion disks from excess
emission at ultraviolet wavelengths, as well as the mass and age distributions of our sample. We Ðnd
D230 active accretion disk candidates and estimate the accretion disk fraction at We use theZ40%.
magnitude of the ultraviolet excess to infer disk accretion rates. The mass accretion rate decreases(M0 )
slowly with age over the limited age range spanned by our data, 1È3 Myr, and increases slowly with
mass over the limited mass range 0.2È1.2 Although complicated selection e†ects are likely to a†ectM

_
.

the overall trends with mass and age, we are sensitive to, but do not see, high associated withM0 -values
the older ages and lower masses in our sample. The mean value of is D10~8 yr~1, with a rangeM0 M

_of more than 1 order of magnitude at all ages and masses. We Ðnd an age and age spread for our
sample of 106.0B0.4 yr with no variation within or between our Ðelds. Meaningful constraint of the mass
distribution is precluded because of the completeness limits of our survey.
Key words : stars : preÈmain-sequence

1. INTRODUCTION

Most, if not all, stars are suspected of having circumstel-
lar accretion disks at birth. Interaction between the accre-
tion disk and star, particularly as the star evolves and the
disk dissipates, is still not well understood, and it bears
speciÐcally on issues of planet formation (see, e.g., Hollen-
bach et al. 2000) and angular momentum evolution (e.g.,
Stassun et al. 1999 ; Herbst et al. 2000 ; Rebull 2000).

Investigators have used a variety of methods for identify-
ing circumstellar accretion disks and measuring mass accre-
tion rates (Calvet et al. 2000), including infrared-excess,
optical spectroscopic emission-line, and ultraviolet-excess
techniques. The efficacy of these di†erent methods is dic-
tated by the contrast between any excess emission and the
photospheric emission, which in turn depends on the stellar
mass and radius, the disk mass and mass accretion rate, and
the orientation of the star-disk system with respect to the
observer.

Infrared excess originates from dust heated both by re-
processed starlight and by viscous dissipation of accretion
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energy within the disk. JHKL photometry is commonly
used to infer the presence of disks. IR-excess techniques are
most e†ective for higher mass stars, where the contrast
between disk and star is high, and least e†ective for lower
mass stars, where the contrast between a cold disk and cool
photosphere is low. This method also su†ers from inclina-
tion e†ects and from the e†ects of inner disk holes thought
to be formed by the stellar magnetosphere.

Spectroscopic emission lines are produced in the outÑows
and inÑows thought to be associated with the accretion
process (see, e.g., Calvet et al. 2000 ; Najita et al. 2000). Ha
surveys using, e.g., objective-prism, slit, or Ðber spectros-
copy have long been used to identify young stars. In the
context of the current paradigm, Ha luminosity is directly
related to disk mass accretion rate (e.g., Najita et al. 2000).
At constant stellar age, a given mass accretion rate
produces a higher Ha equivalent width among late-type,
low-mass stars compared with early-type, high-mass
counterparts. The use of Ha as a diagnostic is compromised
in regions where strong background nebular emission can
complicate determination of the Ha equivalent width, as in
the Orion Nebula region.

Ultraviolet/optical excess originates from energy released
in accretion hot spots as inÑowing material is channeled by
the stellar magnetic Ðeld onto the star at high latitudes
and/or in the boundary layer between the disk and the star.
UV excesses historically have been used to identify young
stars (Haro & Herbig 1955 ; Walker 1956) and study accre-
tion disks (e.g., Bertout et al. 1988 ; Basri & Bertout 1989 ;
Hartigan et al. 1991), but because of the relative faintness of
late-type stellar photospheres in U coupled with the
increased signiÐcance of reddening corrections, this disk
detection method is less commonly used than the others. At
constant age and Ðxed mass accretion rate, the contrast
between the excess and the photosphere in the UV is highest
for late spectral type, low-mass stars and lowest for high-
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TABLE 1

OBSERVATIONS I : STARS IN THE ORION LOCUS

Star Field R.A.a Decl.a IC p
I

(V [IC) p(V~I) (U[V ) p(U~V) Type A
I

A
V

1 . . . . . . 1 5 31 24.6 [5 26 42.0 14.15 0.03 2.44 0.04 2.75 0.05 . . . . . . . . .
2 . . . . . . 1 5 31 25.8 [5 05 15.6 14.28 0.06 2.11 0.07 2.94 0.07 . . . . . . . . .
3 . . . . . . 1 5 31 26.3 [5 36 37.3 12.57 0.01 2.67 0.02 2.54 0.02 M4: [0.31 [0.50
4 . . . . . . 1 5 31 27.1 [5 10 29.0 12.50 0.03 1.18 0.03 1.89 0.04 . . . . . . . . .
5 . . . . . . 1 5 31 30.4 [5 37 58.7 17.32 0.03 3.44 0.06 . . . . . . . . . . . . . . .

NOTES.ÈPhotometry and spectral types (when available) for stars in the Orion locus. Table 1 is presented in its entirety in the electronic edition
of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.

a J2000.0 coordinates, good to at least D2A. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds.

TABLE 2

OBSERVATIONS II : APPARENT FIELD STARS WITH SPECTRA

Star Field R.A.a Decl.a IC p
I

(V [ IC) p(V~I) (U [ V ) p(U~V) Type A
I

A
V

1 . . . . . . 1 5 31 29.7 [5 31 28.6 12.73 0.01 1.07 0.02 1.18 0.02 G2: 0.55 0.90
2 . . . . . . 1 5 31 29.7 [5 08 52.6 17.43 0.04 1.60 0.05 . . . . . . K0 : 1.16 1.88
3 . . . . . . 1 5 31 43.9 [5 24 21.0 12.31 0.01 0.87 0.01 1.24 0.01 G0 0.26 0.43
4 . . . . . . 1 5 31 57.4 [5 37 07.4 13.26 0.02 1.30 0.03 1.60 0.04 K2: 0.59 0.95
5 . . . . . . 1 5 31 58.4 [5 35 11.7 15.47 0.03 1.95 0.04 2.76 0.09 G2 1.96 3.18

NOTES.ÈPhotometry and spectral types (when available) for stars in the Orion locus. Table 2 is presented in its entirety in the electronic
edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.

a J2000 coordinates, good to at least D2A. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds.

mass, early-type stars. Recently, Gullbring et al. (1998) and
Hartmann et al. (1998) have exploited this advantage and
used U-band excesses to estimate mass accretion rates, M0 ,
for low-mass stars in the Taurus-Auriga and Chameleon
star-forming regions.

In this paper, we continue the type of analysis introduced
by Gullbring et al. (1998) and Hartmann et al. (1998), using
UV excesses to identify active accretion disk candidates in
the outer regions of the Orion Nebula Cluster. We estimate
from a simple model that UV photometry is sensitive to
mass accretion rates yr~1 for stars of 1 MyrZ10~9 M

_and 0.1 and yr~1 for stars of 1 Myr andM
_

, Z10~7.5 M
_1 M

_
.

We present a new optical photometric and spectroscopic
database for young stars located in four 45@] 45@ Ðelds
centered east, west, north, and south of the OrionD0¡.5
Nebula Cluster center, which we refer to as the Orion
Nebula Cluster Ñanking Ðelds. After describing the obser-
vations and data reduction (° 2) and the basic observational
results (° 3), we discuss dereddening of the photometry (° 4).
Following that, we review the star-forming history of our
regions (° 5). We then discuss in some detail our selection of
accretion disk candidates (° 6), including the distribution of
observed UV excesses and any possible systematics due to
chromospheric activity, reddening, or intrinsic color uncer-
tainties. We arrive at mass accretion rates (° 7), which we
correlate with stellar mass and age, and then the disk frac-
tion (° 7.5). Finally, we summarize our major conclusions
(° 8).

These new data contribute statistics for problems such as
whether or not the characteristics of disks are the same
around stars of di†erent masses and, as the disks dissipate
and angular momentum is transferred, how decreasesM0
with age. A forthcoming paper (Rebull 2000) will speciÐcally
address the relationship between disks and angular momen-
tum for stars in the current sample.

2. OBSERVATIONS AND DATA REDUCTION

As part of a larger study of angular momentum evolution
in young, low-mass stars, we have surveyed four Ðelds in the
outer Orion Nebula Cluster (ONC), surrounding but not
including the Trapezium region. Each of the Ðelds is 45@
square ; see Figure 1. Time series photometry has been
obtained for these four Ðelds using the McDonald Obser-
vatory 0.76 m telescope. Light curves will be discussed in
subsequent papers starting with Rebull (2000). In 2.75 of the
Ðelds, we obtained well-calibrated photometry for aV ICtotal of D5000 stars, and U photometry for D1600 of these.
Across all four Ðelds we obtained spectroscopy at classi-
Ðcation resolution for a total of D500 targets (410 of which
are classiÐable), D300 of which are found in the 2.75 Ðelds
with photometry.(U)V ICObservations are presented in Tables 1, 2, and 3. Coordi-
nates presented here are good to at least D2A and are based
on the Hubble Space Telescope Guide Star Catalog (Lasker

TABLE 3

OBSERVATIONS III : STARS WITH SPECTROSCOPY ONLY

Star Field R.A.a Decl.a Type

1 . . . . . . 1 5 31 32.5 [5 17 50.12 K2:
2 . . . . . . 1 5 31 34.2 [5 01 01.92 K1
3 . . . . . . 1 5 31 40.5 [5 19 23.84 K0:
4 . . . . . . 1 5 32 11.3 [5 37 44.12 M0
5 . . . . . . 1 5 32 51.8 [5 35 25.39 M5:

NOTES.ÈPhotometry and spectral types (when
available) for stars in the Orion locus. Table 2 is presented
in its entirety in the electronic edition of the Astronomical
Journal. A portion is shown here for guidance regarding its
form and content. Units of right ascension are hours,
minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds.

a J2000.0 coordinates, good to at least D2A.
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FIG. 1.ÈDigitized Sky Survey images (from STScI) illustrating the relative placement of the Orion Nebula Cluster Ñanking Ðelds, numbered 1È4. Note
that the Trapezium region is not included in our survey area. Time series photometry for stars in each of these 45@ Ðelds will be presented in Rebull (2000).
Optical photometry and spectroscopy are discussed in this paper.

et al. 1988). Photometric and spectroscopic accuracy is dis-
cussed below. We summarize the distribution of photo-
metric and spectroscopic data by wavelength and by Ðeld in
Tables 4 and 5.

Photometry2.1. UV IC
We obtained U, V , and Cousins I photometry in(IC)1998 January with the KPNO 0.9 m telescope. Our images

are 23@ on a side at a plate scale of pixel~1. As a result0A.68
of weather and instrumental complications, Ðeld 3 was not
observed at all, nor was the northwestern quadrant of Ðeld
4. In the remaining 2.75 Ðelds, we obtained images in all
three colors. In U, three frames were taken to allow for
cosmic-ray rejection, each 20 minutes long. In V , two
frames were taken, 30 s and 600 s ; in 15 s and 300 sIC,exposures were taken. On most nights we also imaged stan-

TABLE 4

STAR COUNT SUMMARY : ALL STARS

UV IC V IC Total Spectral Uncertain Total UV IC and V IC and
Field Photometry Photometry Photometry Types Spectraa Spectra Spectral Types Good Spectra

1 . . . . . . . . . . 671 1210 1881 98 19 117 64 23
2 . . . . . . . . . . 544 1258 1802 116 10 126 77 38
3 . . . . . . . . . . . . . . . . . . . 109 14 123 . . . . . .
4 . . . . . . . . . . 349 760 1109 117 9 126 42 24
Total . . . . . . 1564 3228 4792 440 52 492 183 85

a Reported here for completeness and included in Tables 1È3 above, but not used in analysis discussed in paper.
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TABLE 5

STAR COUNT SUMMARY : ORION LOCUS

UV IC V IC Total UV IC and V IC and
Field Photometry Photometry Photometry Spectral Types Spectral Types

1 . . . . . . . . . . . 180 207 387 54 21
2 . . . . . . . . . . . 335 377 712 73 35
3 . . . . . . . . . . . . . . . . . . . . . . . . . .
4 . . . . . . . . . . . 211 310 521 39 22
Total . . . . . . 726 894 1620 166 78

dard Ðelds from Landolt (1992). We were unable to obtain
any standards on the night we observed Ðeld 4, so we used
standards from the previous night ; examination of the
resulting photometry suggests that atmospheric conditions
did not change substantially between nights.

Standard IRAF procedures were used for bias subtrac-
tion and Ñat-Ðelding. IRAF aperture photometry from the
DAOPHOT package was used for photometry extraction.
Although a few of the stars have close apparent compan-
ions, the stellar density is generally low enough to make
aperture photometry acceptable. The IRAF routine
MKAPFILE was used to determine and apply aperture
corrections based on ensemble averages of stars in each
separate frame.

Photometric errors are a combination of photon noise,
CCD noise sources, centering errors, aperture corrections,
errors in the extinction corrections, and errors in the color
corrections. Formal net error on all but photon and CCD
noise were determined to be ^0.01 mag. Measurements
were retained if the net error (^0.01 added in quadrature to
the error from photon and CCD noise) in color was ¹0.1
mag. Given this restriction, over all Ðelds, D5000 stars have
reported V and magnitudes, and D1600 of those haveICreported U magnitudes. The limiting magnitudes of the
population of stars with good measurements at all three of

are U D 20, V D 17.5, and For the fainterUV IC IC D 16.5.
population with good V and magnitudes but for which UICis below our detection threshold, the limiting magnitudes
are V D 20 and ICD 18.

2.2. Spectroscopy
Low-resolution classiÐcation spectra were obtained using

the WIYN8 3.5 m telescope and the Hydra Ðber-optic
echelle through the NOAO WIYN queue program in fall
1997. Stars were selected for spectroscopic observation not
from the photometric database just described, but on the
basis of whether or not they showed photometric variability
in the time series observations described in Rebull (2000).
The spectroscopic sample is thus biased toward variable
stars but also includes some nonvariables (D15%) in order
to use as many of the Hydra Ðbers as possible. Of the stars
selected as variable, the distribution of standard deviations
of the light curves is strongly peaked with a long tail ; the
mode is p D 0.02, with a tail up to D0.5. Of the stars selec-
ted as nonvariable ““ Ðller,ÏÏ the mode is p D 0.01, with a tail
to only D0.1.

Two Ðber conÐgurations were taken per Ðeld, with three
10 minute exposures for the brighter stars and three half-

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
8 The WIYN Observatory is a joint facility of the University of

WisconsinÈMadison, Indiana University, Yale University, and the Nation-
al Optical Astronomy Observatories.

hour exposures for the fainter stars. The standard IRAF
Hydra software pipeline DOHYDRA was used to process
these data. Signal-to-noise ratios of the reduced spectra
vary as a result of Ðber placement and transmission but are
typically D40, and about 7% of them are WeZ70.
obtained about 500 total spectra (over all four Ðelds) at a
resolution of 5 yielding usable data over the range 5000ÈA� ,
9300 A� .

3. BASIC OBSERVATIONAL RESULTS

Figure 2 shows the ) color-magnitude diagram(IC, V [IC(CMD) for all D5000 stars with V and measurements.ICThese data have not been corrected for reddening, although
a vector indicating the direction and slope of typical
reddening (as derived in ° 4) is shown for reference. The
zero-age main sequence (ZAMS) includes measurements
from Bessell (1991), Leggett (1992), and Leggett, Allard, &
Hauschildt (1998). We transformed the limiting magnitudes
of U \ 20 and V \ 20 into the however,(IC, V [IC)-plane ;
because these transformations are based on ZAMS colors,
stars fainter than this can be detected in our sample if they
have photometric excesses at the shorter wavelengths due
to accretion.

A gap between the preÈmain-sequence (PMS) Orion
member stars and the Ðeld stars can be seen clearly. We use
a line with slope 2.13 and intercept 10.3 to divide the (IC,CMD into possible Orion members (located aboveV [IC)

FIG. 2.ÈObserved color-magnitude diagram for all of the photometry,
over the three Ðelds (1, 2, 4) for which photometry was obtained. The gap
between the PMS stars in Orion and the Ðeld stars can be seen clearly ;
lines indicating our adopted cuto† (long-dashed line) and the ZAMS (solid
line) are indicated. The reddening vector for isA

I
\ 0.25 (A

V
\ 0.41)

included in the lower right corner. Short-dashed lines are the completeness
limits in U and V , calculated using our measured sensitivity combined with
main-sequence colors.
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this line) and probable Ðeld stars (located below the line).
Note that this line closely parallels the reddening vector.
Membership studies toward Orion (Parenago 1954 ; Jones
& Walker 1988 ; van Altena et al. 1988 ; McNamara et al.
1989 ; Tian et al. 1996) generally have focused on the inner
Trapezium region, with little proper-motion information
available for stars in the larger region studied here and
essentially none for stars fainter than V D 13. Thus, we have
used the line drawn through the gap in Figure 2 as a pro-
visional indication of membership and dropped all stars
below it from the following analysis. By so doing, we may
exclude some older Orion member stars (if such a popu-
lation exists) and possibly include some Ðeld stars
(especially background giants). This cut reduces the total
number of stars such that D1500 stars with photo-V [ICmetry remain, D700 of which have U measurements. This
subsample hereafter will be referred to as the ““ Orion locus.ÏÏ

Figure 3 presents the observed color-color diagram for
those stars with photometry found in the Orion locusUV ICof Figure 2. There are a few stars located below the ZAMS
relation that can be dereddened to intersect the ZAMS. Our
focus for the majority of this paper, however, is the many
more stars located high enough in this diagram that they
cannot be dereddened to intersect the ZAMS; these are the
UV-excess stars.

A subsample of the stars in Figures 2 and 3 have optical
spectroscopy, which we combine with the photometry in ° 4
to derive individual extinction values, as well as the modal
or most likely reddening. We classiÐed our spectra using the
Allen & Strom (1995) classiÐcation standards, which are
speciÐcally for this spectral region and instrumental setup,
supplemented with the Kirkpatrick et al. (1991) late, M
standards. Each spectrum was classiÐed by two di†erent
authors, for a total of four passes through the data. We took
into account the fact that optical spectra of young PMS
stars show signs of lower surface gravity than the main-
sequence classiÐcation standards, especially for spectral
types M4 and later. We note, however, that the colors of
these late-type stars appear closer to dwarfs than to giants
(Walter et al. 1994) despite the intermediate gravity spectra.

FIG. 3.ÈObserved color-color diagram for stars in the Orion locus as
deÐned in Fig. 2. Lines indicating the color-color relation found on the
ZAMS and the reddening vector for are indicated.A

I
\ 0.25 (A

V
\ 0.41)

There are a signiÐcant number of stars with large U[V excesses whose
positions cannot be explained by reddening ; note the star with
U[V D [2.

We estimate classiÐcation accuracy to two subclasses for
the earliest types (A, F, and G), to one subclass for the K
stars, and to less than a subclass for the M stars. In addition
to the gravity issue, spectral classiÐcation is complicated by
veiling and by interstellar reddening, as well as by the accu-
racy of nebular subtraction achieved with Ðber spectro-
graphs. Errors from nebular subtraction and veiling are
difficult to quantify but are likely to have a systematic e†ect
in the same direction of making the classiÐcations earlier
than they should be, although with a magnitude of less than
a subclass unless veiling is extreme.

Figure 4 shows a histogram of the derived spectral types.
Of the 410 stars with classiÐable spectra, Ðve are A stars, 17
F stars, 17 G stars, 141 (34%) K stars, and 230 (56%) M
stars. About 50 more stars with uncertain types are not
plotted here but are reported in Table 1. Note that the
spectral classiÐcations cover all four Ðelds of Figure 1,
whereas the photometry covers only 2.75 Ðelds ; about 300
of the spectroscopic targets fall in the regions where we have
photometry (see Tables 4 and 5).

How representative is the spectroscopic data set of all
stars in the Orion locus? We can quantify the degree to
which the spectroscopic sample represents the photometric
sample of candidate Orion members in two ways. First, we
compare the location of stars from each sample in the color-
magnitude diagram; second, we compare their spatial
distributions.

Figure 5 highlights the stars with spectroscopy in the
CMD. The relative density of squares and dots in this Ðgure
suggests that the photometric and spectroscopic popu-
lations within the Orion locus cover the same regions of the
CMD. Of the D5000 stars in this diagram, 244 have spec-
tral classiÐcations, with 210 being in the Orion locus. The
subset of stars with U magnitudes includes 166 with spectral
classiÐcations, 142 of which fall within the Orion locus.
Strong bias of the squares in this Ðgure towards the Orion
locus suggests that our selection of candidates for spectros-
copy based on photometric variability has preferentially
selected young candidate members of Orion, as one might
naively expect.

Figure 6 presents the fraction of stars in the Orion locus
with spectroscopy, as a function of position and color. The
spectroscopic sample is unambiguously constant with

FIG. 4.ÈHistogram of all 410 classiÐable stars over all four Ðelds ; 141
(34%) are K stars, and 230 (56%) are M stars.
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FIG. 5.ÈObserved CMD for all photometry. Notation is as in Fig. 2
except that squares indicate the stars for which classiÐcation spectra exist.
The relative density of squares and dots in this Ðgure suggests that the
photometric and spectroscopic populations cover the same regions of the
CMD within the Orion locus. The spectroscopic sample is composed
largely of candidate Orion members.

radial distance from h Ori. The photometric survey starts to
become incomplete at but blueward of that, theV [ICD 3,
distribution across all bins but one is Ñat within the error
bars. There is an apparent overdensity of stars with spectra
near amounting to a factor of 2, but theV [ICD 1.6^ 0.5,
error bars overlap with those in adjacent bins. With this
possible exception the spectroscopic sample seems drawn in
a representative fashion from stars in the Orion locus. This
is not a critical point, however, given that one of our
primary goals is to derive mass accretion rates as a function
of mass and age, not to derive the mass and age distribu-
tions.

4. REDDENING CORRECTIONS

The Ðrst step in our analysis is to derive the extinction
(measured here as toward each star in our sample. ThisA

I
)

can be done on an individual basis for those stars with both
photometry and spectroscopy. We compare observed stellar

FIG. 6.ÈFraction of stars with spectral types as a function of radial
distance from h Ori (center of Trapezium) and Only stars from theV [IC.Orion locus are included. Error bars are calculated from Poisson statistics.
The fraction of stars with spectral types is unambiguously constant with
radial distance from h Ori ; the fraction is essentially constant with V [IC.

colors with those expected based on spectral classiÐcation
to obtain estimates of color excesses. The wavelength that
is thought to minimize the contribution from non-
photospheric sources is D8000 and thus young opticallyA� ,
visible PMS stars are usually best dereddened using spectral
types and the color index However, in the speciÐcR[IC.case of Orion, there is very strong nebular contamination in
R due to Ha emission, so we must use the indexV [ICinstead. Dereddening relationships used were A

I
\

and (Fitzpatrick1.61E(V [IC) E(U[V ) \ 1.45E(V [IC)1999 ; E. Fitzpatrick 1999, private communication).
We show in Figure 7a the extinction distribution derived

for the spectroscopic sample. The shape of this histogram
does not change signiÐcantly between the three Ðelds
studied (they are combined here to improve the statistics),
nor does inclusion of the few stars not in the Orion locus
have any e†ect. Note that there are some unphysical (i.e.,
negative) values of Most of these negative values ofA

I
. A

Iare found for stars of the latest types ; all but two of the D30
late-M stars ([M4) result in negative TheseA

I
-values.

young late-M stars are apparently bluer than expected ; we
will discuss the possible reasons for this below (° 6.4), but
note here that this blueness problem for late spectral types
is not unique to this study.

In deriving a most probable value for the reddening, we
mitigate problems with uncertain spectral types for G stars
and earlier and with apparent blueness of late-M stars, by
considering a sample of Orion locus stars in the range
K0ÈK7. Figure 7b presents the histogram of extinction
values for stars in this range, which is sharply peaked. The
peak has changed by mag from the full sample to the[0.1
restricted K0ÈK7 sample (Figs. 7a and 7b). We take the
most likely extinction value (mode of this histogram) to be

The corresponding most likely reddening valuesA
I
\ 0.25.9

are E(V [I) \ 0.12 and E(U[V ) \ 0.17.

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
9 We note that our typical reddening value, or isA

I
\ 0.25 A

V
\ 0.41,

much less than that found in Trapezium, (Hillenbrand 1997). ThisA
V

\ 1.5
is likely to reÑect the fact that our stars are more than D 3 pc in projection
from the narrow ridge of molecular material associated with Trapezium.

FIG. 7.ÈHistogram of derived (a) all 244 stars in the OrionA
I
-values :

locus with spectral classiÐcations and photometry ; (b) just 57 starsV ICbetween K0 and K7, inclusive. From this Ðgure, we infer that the most
likely reddening value is with a ^1 p width of 0.1A

I
\ 0.25 (A

V
\ 0.41)

mag.
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Now, since we have shown that the spectroscopic sample
is representative of the photometric sample within the
Orion locus, the strongly peaked distribution allows usA

Ito increase dramatically the number of stars in our analysis
by applying that most probable value of to the entireA

IOrion locus sample. This is common practice in the study of
open clusters, and given the low value of extinction that
deÐnes the peak in the spectroscopic distribution, we areA

Iencouraged to use this technique in the outer ONC as well.
From Figure 7b we Ðnd that the width of the extinction

peak has a ^1 p value of 0.14 mag in which we take asA
I
,

the error in the mean extinction. Of the entire spectroscopic
sample, 59% of the stars have and 69% haveA

I
\ 0.25,

the modal value plus the 1 p width. Thus forA
I
\ 0.39,

nearly 70% of the stars, use of the modal extinction is
assumed accurate at the 0.14 mag level in This uncer-A

I
. A

Itainty translates into an uncertainty in E(V [I) of 0.08 and
an uncertainty in E(U[V ) of 0.12. These errors also propa-
gate into formal uncertainties on stellar masses of D0.03

and on stellar ages of D0.02 dex (yr), which are dis-M
_cussed in ° 5.1. (A discussion of the e†ect on UV excess and

disk candidate selection appears in ° 6.2.)
To minimize confusion about the e†ects of reddening in

our conclusions, for the rest of this paper we will analyze the
spectroscopic sample (using the best possible individual
values of reddening) separately from the ensemble of com-
bined photometric and spectroscopic data, using the most
likely value of reddening, For stars in the spec-A

I
\ 0.25.

troscopic sample whose reddening is formally weA
I
\ 0,

will simply set keeping in mind that the latest MA
I
\ 0.25,

stars in particular might have incorrect reddening.
Figure 8 is the CMD for stars with spectra, dereddened

on a star-by-star basis, resulting in an apparent quantiza-
tion. Separately, the ensemble of photometry was dered-
dened by the most likely value of reddening ; this CMD is
not reproduced here, as it is identical to Figure 2, shifted by
the most likely reddening vector as presented there. Figure
9 is the dereddened color-color diagram for the spectro-
scopic sample within the Orion locus. A plot of the ensem-
ble photometry dereddened by the most likely reddening is
again not presented, as it is essentially identical to Figure 3.
There are many stars that are substantially bluer in U[V

FIG. 8.ÈDereddened CMD for stars with spectra. Notation is as in
Fig. 2. The apparent quantization arises because stars are corrected to the
colors expected based on their spectral type.

FIG. 9.ÈDereddened color-color diagram for stars with spectra ; nota-
tion is as in Fig. 3. The apparent quantization arises because stars are
corrected to the colors expected based on their spectral type. ThereV [ICare a signiÐcant number of stars well above the ZAMS relation showing
U[V excesses.

compared with ZAMS counterparts, an e†ect that was
apparent even before the reddening corrections.

5. CHARACTERISTICS OF THE ORION LOCUS SAMPLE

In this section we discuss the stellar age and mass dis-
tributions for the sample as a whole (° 5.1), and we look for
di†erences between the three Ðelds studied (° 5.2). We also
discuss the stellar surface density (° 5.3) in an attempt to
understand how our sample stars are related to those popu-
lating the well-studied inner ONC.

5.1. Ages and Masses
The purpose of this section is not to derive deÐnitive mass

and age distributions, since selection e†ects and lack of
membership information prohibit that ; rather, we aim to
understand the range of masses and ages sampled by our
data set.

The models most often used in the analysis of PMS stars
are those of DÏAntona & Mazzitelli (1994, hereafter DAM),
model 1 (Canuto & Mazzitelli convection prescription and
Alexander opacities) ; these are the source of the isochrones
and lines of constant mass plotted along with our dered-
dened data in Figure 10. Note that the ZAMS relation
constructed from tabulated and values does notM

V
V [ICalign well with the oldest isochrone. This is a result of a

variety of factors, the largest being inaccuracies in models,
since the discrepancy seems to remain under many di†erent
plausible transformations from the theoretical to the obser-
vational plane. We used the transformation from Hill-
enbrand (1997) in order to more easily enable comparisons
with those data.

Based on the DAM grid of points, we interpolated masses
and ages for our set of stars. We are unable to derive masses
and ages for stars outside of the DAM grid, and so we have
dropped these D220 apparently younger and lower mass
stars from further analysis. The mass and age distributions
for stars in the Orion locus are a†ected by the cut across the
CMD to drop the Ðeld stars. Also, because it is only for the
subsample of 1600 stars with U-band measurements that we
can identify disk candidates and derive disk accretion rates
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FIG. 10.ÈDereddened CMD with all Orion locus stars plotted, with
DAM model 1 isochrones and lines of constant mass (0.1, 0.3, 1, 3, 10, 30,
and 100 Myr ; 0.1, 0.15, 0.2, 0.3, 0.5, 0.7, 0.9, 1.2, 1.5, 2.0, and 2.5 AllM

_
).

other notation is as in Fig. 2. Intersection of dashed detection limits and
DAM model grid lines results in complicated completeness limits in terms
of stellar mass and age ; see text.

(compared with the 5000 with V and I measurements), we
also consider how the U-limited mass and age distributions
compare with the distributions. In what(V [IC)-limited
follows we account for these e†ects by plotting histograms
of subsets of the data, with the ranges based on the intersec-
tion of lines and limits in Figure 10. The 3.0 Myr isochrone
is very close to the line used to distinguish the Orion locus,
and so represents the e†ective upper limit in age of our
survey. For stars between 0.1 and 3 Myr, the U complete-
ness limit intersects the 3 Myr isochrone at about 0.30 M

_
,

but for stars younger than 1.0 Myr (but older than 0.1 Myr),
we are complete in U to 0.20 For the fainter V limit, weM

_
.

are complete between 0.1 and 3 Myr down to the lowest
mass available, 0.10 Our e†ective upper mass limit,M

_
.

restricted by brightness limits of our survey, is 1.3 M
_

.
Since the reddening vector is essentially parallel to the iso-
chrones, histograms of ages will be essentially una†ected by
reddening uncertainties, while mass distributions will be
moderately a†ected.

Figure 11 presents histograms of ages for several subsets
of the Orion locus data. In each panel, the age span, mean
age (106 yr), and formal width (^0.4 dex) are identical. Also,
in each of these cases, the histogram for the spectroscopic
sample is statistically identical to the larger ensemble. The
age and the age spread found here is consistent with that
found for the inner ONC (Trapezium) region by Hill-
enbrand (1997), although there is some evidence that our
population might be slightly older on average.

Figure 12 consists of similar histograms for the mass dis-
tributions. For most of the panels, the histogram for the
spectroscopic sample is statistically identical to the larger
ensemble. The only exception is the mass bin at
log M D 0.15 in Figure 15c, in which the photometric
sample is D2 p higher than the spectroscopic sample. This
is an indication of the incompleteness of the spectroscopic
sample at the lowest masses (reddest colors), which we have
already recognized in Figure 6. That Ðgure also suggested a
slight overdensity at (M D 0.6 but thatV [ICD 1.5 M

_
),

overdensity evidently does not a†ect the mass distribution
signiÐcantly.

FIG. 11.ÈHistogram of ages for subsets of the data : (a) data withUV IC0.3 (b) data with 0.2 andM
_

\M \ 1.3 M
_

, UV IC M
_

\M \ 1.3 M
_

,
(c) data with 0.1 Solid lines are the ensemble ofV IC M

_
\M \ 1.3 M

_
.

photometry (using most likely and dotted lines are the spectroscopicA
I
),

sample (using speciÐc Vertical dashed lines denote approximate com-A
I
).

pleteness limits ; data are most complete to the left of the lines. In each
panel, the mean age of the sample is identical at a value of 6.0^ 0.4 dex.
Also, in each of these cases, the histogram for the spectroscopic sample is
statistically identical to the larger ensemble.

5.2. Di†erences among the Fields
We invested some time using a variety of statistical tools

to explore the similarities and di†erences between the stellar
samples in our three Ðelds. However, no robust di†erences
with astrometric position were found in age, age spread,
mass, UV excess (discussed below), or There are, asA

I
.

expected, parts of the sky that have a higher density of Ðeld
stars (e.g., stars not in the Orion locus), and Ðeld 1 had by
far the most Ðeld stars, by number and percent, of the three
Ðelds. Stellar surface density (see ° 5.3) is the only parameter
that di†ers signiÐcantly among the Ðelds.

FIG. 12.ÈHistogram of masses for subsets of the data : (a) dataUV ICbetween 0.1 and 3 Myr, (b) data between 0.1 and 1 Myr (with slightlyUV ICdi†erent completeness limits in mass), and (c) data 0.1È3 Myr. SolidV IClines are the ensemble of photometry (using most likely and dottedA
I
),

lines are the spectroscopic sample (using speciÐc Vertical dashedA
I
).

lines denote approximate completeness limits ; data are most complete
between the two lines. The histogram for the spectroscopic sample is
statistically identical to the larger ensemble except for the mass bin at
D0.15 in panel (c) ; see text.(M/M

_
)
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FIG. 13.ÈSurface densities : azimuthally integrated distribution of
number of stars per square degree as a function of distance from h Ori for
all three Ðelds. Field 1 is the solid line, Ðeld 2 is the dotted line, and Ðeld 4 is
the dashed line. These stellar-density proÐles support the roughly north-
south elliptical stellar surface density distribution found by HH.

5.3. Surface Density
Hillenbrand & Hartmann (1998, hereafter HH) Ðnd that

azimuthally averaged stellar source counts in Trapezium
are well Ðtted by King cluster models. Because our Ðelds are
more distant from h Ori, we are able to sample the stellar
surface density farther out from the center of the cluster.
Figure 13 is the azimuthally integrated distribution of
number of Orion locus stars per square degree as a function
of distance from h Ori for all three Ðelds. Our innermost
data overlap with the outermost data from HH, and the
stellar densities are consistent with each other. The data
from HH fall o† fairly steeply ; our data are consistent with
a constant stellar density beyond that point, although some
risk of Ðeld star contamination is still present in our data.
Looking at the surface density fallo† by individual Ðeld,
Ðelds 2 and 4 are essentially constant, but Ðeld 1, with the
least nebulosity of the three Ðelds, falls o† slightly, albeit
still at a more shallow slope than that found by HH in the
Trapezium region. These stellar density proÐles support the
roughly north-south elliptical stellar surface density dis-
tribution found by HH.

Not to be neglected, however, is the fact that the Orion
Nebula Cluster is embedded in a foreground and back-
ground sample of young members of the general Orion Ic
association. Because our data cover an area of on the1¡.6
sky (up to from h Ori), we potentially sample some of0¡.8
this Ic association in addition to the outer regions of the
Orion Nebula Cluster.

6. DISK CANDIDATES

In this section, we discuss our procedure for identifying
stars surrounded by circumstellar accretion disks. After pre-
senting the range of UV excesses calculated from our data,
we carefully select the minimum UV excess for deÐning a
disk candidate. We then review the inÑuence of factors that
may provide false signatures of disks, including the e†ects of
chromospheric activity, the use of a common ““most likely ÏÏ
value of reddening for the ensemble of photometry, and the
assignment of intrinsic colors to stars. In Appendix A, we
investigate how our selection of disk candidates compares
with IR candidate selection.

6.1. Measurement and Interpretation of UV Excess
We deÐne UV excess as [dereddened (U[V )] minus

[(U[V ) expected based on spectral type] ; note that smaller
values indicate it is bluer, so the more extreme a disk candi-
date, the more negative the UV excess. Figure 14 shows
histograms of the UV excesses calculated for di†erent sub-
samples. For the photometric sample, the dereddened

value was used to determine the ““ expected ÏÏV [ICU[V from interpolation of the ZAMS relation ; this ZAMS
U[V was then compared with the observed dereddened
U[V to determine a UV excess.

Each of the three distributions consists of a Gaussian,
centered at about [0.3 mag with width D0.2 mag, and a
blue tail. The widths of the distributions are consistent with
the net uncertainty from photometric errors, errors in spec-
tral classiÐcation, and reddening uncertainties. The o†set in
the peak from zero is more ambiguous. Either all stars in
our sample are accreting at a modest in the mean and soM0
produce a small UV excess, or we have a systematic e†ect in
our analysis that produces dereddened U[V colors slightly
too blue. We explore possible reasons for this o†set in the
subsections below.

Based on the o†sets from zero and the widths of these
distributions, we choose a UV excess of [0.5 mag to
separate the Gaussian component from the blue tail com-
ponent. We use this measure as the limit for distinguishing
disk candidates from nondisk candidates in what follows. It
is likely that our somewhat conservative choice excludes
some bona Ðde disked stars. However, we feel that our limit
must be well above the level of any systematic e†ects that
may produce apparent UV excesses.

We show in Figures 15 and 16 color-color and color-
magnitude diagrams of disk candidates selected based on
UV excess. The spectroscopic and the ensemble photo-
metric samples are shown separately. Note that the bulk of
the UV-excess detections are for stars K5 and later, and
that there is a wide distribution in dereddened V [I color of
UV-excess stars.

We turn now to a discussion of the caveats associated
with measuring a UV excess. These include the e†ects of
using a common value of reddening for the ensemble of

FIG. 14.ÈHistogram of calculated UV excesses. Smaller (more
negative) UV excess is bluer. (a) Spectroscopic sample, using the speciÐc A

Iderived for each star ; (b) spectroscopic sample, using for allA
I
\ 0.25

stars ; (c) entire ensemble of stars, using (note the di†erent verti-A
I
\ 0.25

cal scale). Stars to the left of the dashed lines at [0.5 are selected as disk
candidates. Positioning of dashed lines is discussed in the text.



0 1 2 3 4 5
(V-IC)0

4

2

0

-2
(U

-V
) 0

F0 G0K0 K5 M0 M2 M4 M6

ZAMS relation

0 1 2 3 4 5
(V-IC)0

4

2

0

-2

(U
-V

) 0

F0 G0K0 K5 M0 M2 M4 M6

ZAMS relation

0 1 2 3 4 5
(V-IC)0

16

14

12

10

I C
0

F0 G0K0 K5 M0 M2 M4 M6
UV < -2.5
-2.5 < UV < -2.0
-2.0 < UV < -1.5
-1.5 < UV < -1.0
-1.0 < UV < -0.5
no excess

0.1 Myr

1 Myr

3 Myr

0 1 2 3 4 5
(V-IC)0

16

14

12

10

I C
0

F0 G0K0 K5 M0 M2 M4 M6
UV < -2.5
-2.5 < UV < -2.0
-2.0 < UV < -1.5
-1.5 < UV < -1.0
-1.0 < UV < -0.5
no excess

0.1 Myr

1 Myr

3 Myr

No. 6, 2000 CIRCUMSTELLAR DISK CANDIDATES 3035

FIG. 15a FIG. 15b

FIG. 15.ÈDereddened color-color diagrams ; the ZAMS relation is indicated, as is a most likely reddening vector. Stars that are identiÐed as disk
candidates are plotted as larger circles. (a) The spectroscopic sample, dereddened with values of speciÐc to each star ; (b) the complete ensemble,A

Idereddened by the most likely There are a still signiÐcant number of stars well above the ZAMS; stars below the ZAMS are likely background stars thatA
I
.

have been undercorrected for extinction.

photometry, the e†ects of chromospheric activity, and the
e†ects of uncertainties in the intrinsic stellar colors with
which reddening-corrected colors are compared.

6.2. E†ects of Assuming a Common ““Most L ikely ÏÏ
Reddening

Calculation of UV excess is sensitive to the dereddening.
Although we argued above (° 4) that the peak in the spectro-
scopic extinction distribution could be interpreted within
errors of 0.14 mag in as the most likely extinction for theA

Iensemble of photometry, we did not discuss the e†ects on
determination of UV excess. Comparison of Figures 14a
and 14b in Figure 14, shows that the aggregate di†erence is
small between using the individual values of and theA

Imost likely value of These distributions are notA
I
\ 0.25.

statistically di†erent, with nearly identical widths and
o†sets from zero.

In Figure 17 we compare directly the UV-excess values
obtained assuming the individual and the most likely
extinction values. There is a good correlation, with 27 stars
having UV excess larger than [0.5 mag regardless of the
extinction choice. Using the individual 36 starsA

I
-values,

are selected as disk candidates, and using the most likely
value, 33 stars are selected ; 82% of the disk candidates
selected using the speciÐc values of are recovered usingA

Ithe most likely value of reddening. Note that the stars in the
spectroscopic sample for which we derive an unphysical
(negative) have been dropped from this discussion.A

IIncluding those stars does not change the overall result. We
conclude that using the most likely value of reddening to

FIG. 16a FIG. 16b

FIG. 16.ÈDereddened CMD with disk candidates plotted as circles, where size of symbol corresponds to size of UV excess. (a) Spectroscopic sample
dereddened using the speciÐc extinction for each star ; (b) ensemble dereddened using the mean extinction. All other notation is as in Fig. 2. Note that only

population is plotted, so there are few cool stars, and that the restriction to the population in the Orion locus limits the coverage of this diagram toUV ICstars above the 3 Myr isochrone, so the vertical scale is di†erent than the other CMDs. DAM isochrones are plotted for 0.1, 0.3, 1, 3, 10, 30, and 100 Myr ;
isochrones (and the fact that they do not agree well with the ZAMS) are discussed in ° 5.1. Disk candidates and the size of the UV excess are well distributed
over the range of stars observed.
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FIG. 17.ÈImplications of using the most likely reddening on the spec-
troscopic sample : comparison of UV excesses obtained using the individ-
ual values (horizontal axis) with those obtained using the most likelyA

Ivalue of (vertical axis). Solid line : ideal case, no di†erence in deriva-A
Itions ; dashed lines : disk selection limits of [0.5. Star counts in each

quadrant : upper right, 86 ; lower right, 6 ; lower left, 27 ; upper left, 9. Eight
percent of the stars selected as disk candidates using the speciÐc values of

are recovered using the most likely value of reddening.A
I

study the ensemble of photometry as a whole is valid in a
statistical sense.

6.3. E†ects of Chromospheric Activity
In this section we investigate the e†ects of chromospheric

activity on the measured UV excesses by examining two
distributions of stars : old solar neighborhood dMe stars,
and young Taurus-Auriga stars that lack IR signatures
indicative of disks.

6.3.1. dMe Stars

One way to estimate the potential for contamination
from a hot chromosphere is to look at the U[V excesses
found for dMe stars in the solar neighborhood. We
extracted the emission-line M stars from the Gliese & Jah-
reiss (1991) catalog, derived their U[V excesses using the
same procedure as for the Orion locus data, and show the
results in Figure 18a. Uncertainty in the assumed colors for
(preÈmain-sequence) stars of type M4 and later leads us to
show in Figure 18b only stars earlier than M4. Based on
these plots, we conclude that most chromospherically active
stars have UV excesses smaller than our limit for disks of
[0.5 mag.

6.3.2. T aurus-Auriga Stars

We used data presented in Kenyon & Hartmann (1995,
hereafter KH) to determine the UV excesses for a sample of
D100 stars in Taurus-Auriga, which we show in Figure 19.
In addition to showing the distribution for all stars with UV
and IR measurements, we separate out just those stars with
positive IR disk indicators (CTTSs) and just those stars
with no IR excess emission (WTTSs). The summed distribu-
tion of CTTSs and WTTSs is reminiscent of the UV excess
distribution for our Orion locus sample (Fig. 14). We now
see that the long blueward tail is largely populated by
CTTSs showing IR signatures of disks, while the peak is
largely populated by the nondisk WTTSs. Using our UV-
excess criterion, 75% of the CTTSs are recovered, and only
10% of the WTTSs are selected. This statistic lends further

FIG. 18.ÈHistogram of UV excesses derived from dMe stars in the
solar neighborhood (Gliese & Jahreiss 1991), plotted on the same horizon-
tal scale as Fig. 14 : (a) all dMe stars in catalog ; (b) dMe stars earlier than
M4. From this Ðgure, we conclude that our disk indicator limit of [0.5
mag in UV excess is not likely to include signiÐcant numbers of stars that
are blue from chromospheric activity.

support for our selection of [0.5 mag UV excess as a disk
candidate limit. Further discussion of UV versus IR disk
detection criteria appears in Appendix A. Even the slight
o†set from zero of the peak of the Taurus-Auriga UV excess
distribution is similar to that seen in the Orion locus sample
of Figure 14. This could reÑect contributions from chromo-
spheric activity or from the other uncertainties related to
intrinsic colors, as we discuss in the next subsection. Finally,
we note that there is a small red tail in all three distribu-
tions, Figures 14, 18, and 19. This too might be related to
intrinsic color assignment.

6.4. Assignment of Intrinsic Colors
In addition to the e†ects just discussed (°° 6.2 and 6.3)

introduced by choice of dereddening technique and due to

FIG. 19.ÈHistogram of UV excesses derived from stars in Taurus-
Auriga (Kenyon & Hartmann 1995), illustrating the e†ect of (a) all stars in
catalog with UV and IR measurements ; (b) stars classiÐed as CTTSs (disk
candidates) ; (c) stars classiÐed as WTTSs (nondisk candidates), illustrating
the e†ect of our selection of [0.5 mag UV excess as a disk candidate limit.
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underlying chromospheric activity, there is one further
point of detail relevant to the calculation of UV excess.
There are systematic errors related to the actual intrinsic
colors of young PMS stars and also spectral typing errors
that become errors in the intrinsic colors we assume for the
young PMS stars. These errors can, in turn, a†ect the calcu-
lated UV excesses, particularly at the latest spectral types.

1. Intrinsic photospheric colors.ÈThere are reasons to
suspect that the PMS photospheric colors may beV [ICbluer than our assumed (ZAMS) colors. The starsV [IClater than M4 are known to have the most uncertain ZAMS

colors, simply because observations of these faintV [ICstars are the most difficult to obtain. We consider three
possible additional reasons that the assumed intrinsic
photospheric colors may be wrong for these PMS stars :
chromospheric activity, accretion activity, and the use of
dwarf rather than giant colors.

a) Chromospheric activity.ÈPossibly these young, very
late stars are simply bluer than expected due to more
chromospheric activity than older stars of the same type.
However, chromospheric activity alone is not likely to sig-
niÐcantly a†ect the colors (Houdebine et al. 1996).V [ICb) Accretion activity.ÈWe note that accretion activity
can a†ect the observed V magnitude as well as the observed
U magnitude ; perhaps we are detecting accretion activity
substantial enough to alter not only the U[V color but
also the color, which would make the observedV [ICcolor bluer than expected. Since the latest stars haveV [ICthe coolest photospheres, it is possible that slight accretion
activity can more easily pollute the color in theseV [ICstars. A much deeper sample (one that is known to be com-
plete to types as late as M6) is required to investigate this
possibility in detail. Within our sample, no correlation
between derived reddening and UV excess was noted.

c) Dwarf versus giant colors.ÈIt is possible that the
assumed colors for the latest spectral types are simply sys-
tematically o†. Although we have used the best possible
values for the ZAMS (discussed in ° 2.1, and identical to
those found in Hillenbrand 1997), using older, bluer values
for the lower main sequence, as tabulated by (1992),Straiz— ys
causes all of the reddenings to become positive. The fact
that PMS stars have smaller gravities than dwarf stars (but
larger than giants) might be a factor ; colors forV [ICgiants are redder than those for dwarfs to about type M1,
but are bluer than those for dwarfs below M1.

Let us consider the possibility that the true color scale is
one intermediate between dwarf and giant stars. If so, the
intrinsic colors would be bluer than we assumed forV [ICthe M stars, and redder for the G and K stars. How would
the calculated values of UV excess change? For M stars, if
the assumed color is too red, will be underesti-V [IC A

Imated, and U[V will be undercorrected. Moreover, the
assumed photospheric U[V will also be too red, and a disk
candidate could be erroneously selected. For G and K stars,
if the assumed color is too blue, the e†ects areV [ICreversed, resulting in a disk candidate being lost. However,
the intrinsic color uncertainty is smallest for the G and K
stars, and this particular scenario is not likely to a†ect sig-
niÐcantly our disk candidate selection in G and K stars. The
color uncertainty in both and U[V is greatest forV [ICthe mid- to late-M stars, and hence the UV-excess calcu-
lations are more uncertain in this spectral type range.

2. Systematic classiÐcation errors.ÈThe spectral classi-
Ðcations themselves have a degree of uncertainty. If a star is

classiÐed incorrectly by a subclass (estimated mean error on
our types ; ° 2.2), the size of the resultant color error is a
strong function of spectral type (cf. ZAMS relation in Fig.
3). In G stars have a small error of only 0.01 (evenV [IC,for our estimated classiÐcation error of two subclasses), K
stars have an error of D0.1È0.2, and M stars have errors
that climb rapidly starting at 0.1 for the earliest types and
growing to at the latest. In U[V , the error in G starsZ0.4
is D0.05, in K stars D0.2, and in M stars it Ñattens o† to
near 0 for the earlier types and 0.2 at the latest. If indeed
stars are incorrectly classiÐed, it is most likely that they are
classiÐed too early as a result of the e†ects of veiling Ðlling
in the lines, poor nebular subtraction, or both. If so, the
assumed photospheric color will be too blue, ultima-V [ICtely causing the loss of a potential disk candidate. In the
case of the G and K stars, despite the fact that the types are
more uncertain (two subclasses), the colors do notV [ICchange rapidly with type, although the U[V colors do.
This error is in addition to the error in assumed intrinsic
colors, so although the e†ects are likely to be small in the G
and K stars, we are more likely to lose disk candidates than
erroneously include them. For the M stars, the spectral
types are more certain, half a subclass. If the star is erron-
eously classiÐed too early, then the U[V will be over-
corrected for reddening and compared with an intrinsic
U[V that has not changed signiÐcantly ; thus we will likely
lose a real M star disk candidate. This e†ect is in the
opposite direction as the color uncertainty, helping to o†set
it ; however, the uncertainty in M star classiÐcation is prob-
ably less than the uncertainty in the intrinsic late M photo-
spheric colors.

3. Summary.ÈIn summary, for all spectral types con-
sidered (G, K, and M), we are more likely to lose real disk
candidates than to include erroneous ones. In any case, the
stars most subject to this color uncertainty are the stars
redder than M4 and, as it bears on disk(V [IC[ 2.86),
candidate selection, very few of those are detected at all
in U.

The color uncertainty for late-type PMS stars isV [ICreal ; however, further investigation and clariÐcation of the
true photospheric colors for PMS stars is beyond the scope
of this work. We have shown above that on the whole, it
does not signiÐcantly a†ect the most likely reddening (° 4) ;
here we have shown that it also does not signiÐcantly a†ect
the selection of disk candidates.

7. MASS ACCRETION RATES

In this section, we calculate mass accretion rates, forM0 ,
the stars in our data set based on their U-band excesses
(° 7.1) and compare them with those derived by other
authors using similar techniques in Taurus-Auriga (° 7.2).
We then investigate the implications of our survey sensi-
tivity limits for the mass accretion rates (° 7.3) and look for
trends in accretion rates with stellar age and mass (° 7.4),
Ðnding an absence of high among low-mass starsM0 -values
and among older stars.

7.1. Calculation of M0
We calculate mass accretion rates for our stars based on

the excess emission at U, following the methods of Gull-
bring et al. (1998) and Hartmann et al. (1998). We start with
dereddened photometry and tabulation of expected photo-
spheric colors and assume a zero-magnitude Ñux
(4.27] 10~9 ergs s~1 cm~2 for a U-Ðlter bandwidthA� ~1)
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(680 as given by Gullbring et al. From this, we deriveA� )
luminosities (from the expected photospheric color)L

U,expand (from dereddened magnitudes), which we compareL
U,0to arrive at the excess luminosity in U.

Excess luminosity in U can be turned into total accretion
luminosity, via the formula derived by Gullbring et al. :L acc,

log (L acc/L _
)\ 1.09 log (L

U,ex/L _
)] 0.98 ,

where Finally, we use the relationL
U,ex 4 L

U,0[ L
U,exp.between and (also from Gullbring et al. and Hart-M0 L accmann et al.),

L acc \ 0.8 GM
*

M0 /R
*

,

to calculate the mass accretion rate, The factor of 0.8M0 .
accounts for the fact that the material is freely falling along
the magnetosphere from a corotation radius of D5 WeR

*
.

derive by interpolating the dereddened photometryM
*between the DAM models. We derive in the followingR

*manner : From the dereddened colors, using formu-V [IClae from Appendix C of Hillenbrand (1998), we derive Teffand bolometric corrections for V , from which we derive the
apparent bolometric magnitude for our stars. Using a dis-
tance modulus for Orion of 8.36 (Genzel et al. 1981 ; Walker
1969), we calculated the absolute bolometric magnitude. We
can then derive L tot :

log (L tot/L _
)\ 0.4(4.75[ Mtot,abs) ,

where 4.75 is Since we can calculateM
_

. L tot\ 4nR
*
2 pT eff4 ,

Combining all of this information, we can then derive aR
*
.

value of for each disk candidate.M0

7.2. Comparison with Taurus-Auriga
Gullbring et al. derive their formula relating andL

U,exfrom stars ranging from K3ÈM4 in the Taurus-AurigaL accstar-forming region, and Hartmann et al. apply this same
formula to derive for stars between K6 and M2.5 in bothM0
the Taurus-Auriga and Chameleon star-forming regions.
Data taken from the Hartmann et al. analysis of Taurus-
Auriga are reproduced as plus signs in Figure 20. Mass
accretion rates derived here (for Orion) are plotted as
circles. The remainder of this Ðgure will be discussed in the
next section, but note for now that our range of andV [ICoverlaps well with the range of color and derived byM0 M0
Hartmann et al. Data from Hartmann et al. also overlap
well with our range of masses and ages ; they cover a mass
range 0.25È0.9 and an age range 105h7.5È107.5 yr, butM

_we have dropped the four stars older than our maximum
age 106.5 yr, restricting their data to the same range in age
as our data.

7.3. E†ective L imits in M0
Before correlating the with other values, e.g.,M0 -values

stellar mass and age, we need to understand the selection
e†ects inherent to our survey that limit our ability to Ðnd
disk candidates at both the hot and cool extremes. From
Figures 15 and 16, it is easy to see that the range of UV
excesses exhibited increases as increases ; we Ðnd fewV [ICdisk candidates earlier than DK5, and essentially all of the
stars fainter than our U cuto† are disk candidates. (The U
cuto† was propagated into the CMD using ZAMS colors,
and so the latest stars bright enough in U to be detected
must be signiÐcantly brighter in U than the ZAMS counter-
part ; i.e., they are disk candidates.) We now wish to quan-

FIG. 20.ÈMass accretion rates and simple model calculations of(M0 )
minimum detectable Solid lines correspond to minimum detectableM0 . M0
for this simple model given limits for disk detection (UV excess bluer than
[0.5). Calculations were performed for the DAM grid of models, so lines
correspond to age of 0.1, 1, 10, and 100 Myr. Note that we have dropped
stars not in the Orion locus, including any older Orion members. Plus
signs are data points from Hartmann et al. (1998) in Taurus-Auriga ; circles
are data from the photometric ensemble in this work. The vertical dashed
line is provided to guide the eye toward the region of the diagram corre-
sponding to types earlier than M4, where color uncertainties are mini-
mized. The minimum detectable changes in a complex fashion as aM0
function of many variables ; see text.

tify our sensitivity to disk detection as a function of the
stellar and the accretion properties.

In order to understand the strengths and limitations of
our UV detections (and selection e†ects), we constructed
some extremely simple models using the Buser & Kurucz
(1992) stellar models to simulate stars (using the latest type
provided, M1, as a proxy for all of the M stars tested) and
an 8000 K blackbody of adjustable size superposed on the
photosphere to simulate the accretion hot spot. For a range
of stars and spot sizes, we solved this equation for the mass
accretion rate, M0 ,

L spot \ s(4nR
*
2)pT spot4 D 0.8 GM

*
M0 /R

*
,

where s is the fraction of stellar surface covered by the
spot(s). We calculated U[V excesses (as in ° 6.1) for a range
of spot sizes and for a range of stellar temperatures and
luminosities corresponding to the range covered by the
DAM models and by our data and determined the s that
corresponds to a marginal detection for each of the grid
points.10 A marginal detection is deÐned by our limits for
disk candidate selection as established above, (U[V ) bluer
than [0.5 mag and well in excess of any source of random
or systematic error. Based on these marginal detection
values, we then calculated the corresponding limits.M0

Results of these simulations are summarized in Figures
20, 21, and 22. We stress that our models are simple and
that they are meant to demonstrate only the general trends
of how the minimum detectable changes in a complexM0
fashion as a function of many variables, not speciÐcally
what that is. Looking Ðrst at the overall trends inM0 -value

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
10 Phenomenologically, of course, we are putting a limit on notsT spot4 ,

just s, but since these are not sophisticated models and since the purpose of
these simple models is to understand how all these e†ects interact, we have
opted to keep the models simple and just modify s, keeping constant.Tspot
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FIG. 21.ÈAnother view of the simple model calculations of minimum
detectable for this simple model. As in Fig. 20, solid lines correspond toM0
minimum detectable given limits for disk detection. Lines correspond toM0
masses of 0.10, 0.20, 0.50, and 1.00 as marked. Circles are data fromM

_the photometric ensemble in this work ; Ðlled circles correspond to stars
with The minimum detectable changes in a complex(V [IC)\ 2.86. M0
fashion as a function of many variables ; see text. Note the absence of stars
with age greater than 1 Myr and yr~1.M0 [ 10~8 M

_

the solid lines in Figure 20, for types earlier than GÈK, the
star is sufficiently hot that addition of an 8000 K spot does
not make much detectable di†erence in the calculated U
magnitude ; for even earlier types, the addition of a spot is
not detectable within the simulation to the limits of numeri-
cal noise. Moving to cooler stars, the contrast between the
stellar photosphere and the accretion hot spot increases,
and the spot becomes increasingly easier to detect.

Recall that colors are most uncertain for types M4
and later ; this corresponds to the vertical(V [IC[ 2.86)

dashed line. To minimize the inÑuence of the color uncer-
tainties, stars with colors redder than 2.86 will be di†eren-
tiated in the plots that follow. This does not rule out the
possibility that those stars we detect later than M4 might
still be legitimate disk candidates, but simply makes inter-
pretation of the subsequent analysis more straightforward.

Figures 21 and 22 are additional views of these simple
models with our data overplotted, for age and mass, respec-
tively. As above, the selection e†ects are complicated. In the
next section, we investigate the trends present in our data,
keeping in mind these approximate trends in detection
limits. Selected lines from these models will be carried over
into subsequent plots.

Trends with Stellar Mass and Age7.4. M0
In order to investigate trends of with stellar age andM0

mass, we must be careful to isolate the variable of interest
from any of the systematic trends of detectability justM0
outlined. Hartmann et al. (1998) Ðnd trends of versus age,M0
and as can be seen in Figure 20 we are sensitive to the same
range of However, their disk candidates wereM0 -values.
IR-selected and thus may be subtly di†erent than our UV-
selected sample despite the results of Appendix A. Certainly
the role of detection limits is di†erent in our case because, in
our case, UV itself is used as a disk indicator.

Figure 23 shows versus age for several subsets of theM0
data. The limits in age and mass for measurement asM0
established earlier in the age histograms, Figures 11a and

FIG. 22.ÈA third view of the simple model calculations of minimum
detectable for this simple model. As in Fig. 20, solid lines correspond toM0
minimum detectable given limits for disk detection. Lines correspond toM0
ages 0.1, 0.3, 1, 3, 10, and 100 Myr as indicated. Circles are data from the
photometric ensemble in this work ; Ðlled circles correspond to stars with

The minimum detectable changes in a complex fashion(V [IC)\ 2.86. M0
as a function of many variables ; see text. Note the absence of stars with
M \ 0.3 and yr~1.M

_
M0 [ 10~8.5 M

_

11b, are also used here for the photometric ensemble in
Figures 23a and 23b ; Figure 23c is the spectroscopic
sample. We have shown in ° 3 that the spectroscopic sample
is representative of the photometric sample within the
Orion locus, and here it is most useful to interpret trends

FIG. 23.ÈValues of derived via Gullbring et al. (1998) plotted vs. ageM0
(a) for the photometric ensemble with 0.3 (b) for theM

_
\M \ 1.3 M

_
,

photometric ensemble with 0.2 and (c) for the spectro-M
_

\M \ 1.3 M
_

,
scopic sample. In all three panels, dashed lines are completeness limits
from Fig. 11 (data more complete to the left of the lines), and solid lines are
detection limits from Fig. 21 for 0.7, 0.5, and 0.2 (top to bottom). In (c),M

_open circles are stars with and squares are the stars with(V [IC)º 2.86,
0.2 for comparison with (a), omit the squares, and forM

_
\M \ 0.3 M

_
;

comparison with (b), include them. There are no stars with (V [IC) º 2.86
that are within the stated mass ranges for the ensemble. Star counts in each
panel : (a) 116, (b) 180, (c) 44. Although any trends found in these data may
be masked by selection e†ects, the lack of older stars with higher accretion
rates is real.
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using the plots with considerably more stars. There are a
few stars with higher in the spectroscopic sample, as aM0
result of better values of for a few stars. This is expectedA

Ibased on the assumptions we made about the distribu-A
Ition.

These data appear to show systematic trends, but certain-
ly at the lower envelope, this is driven by the detection
limits. The upper envelope, however, suggests a lack of low-
mass stars with high M0 .

Recall that the signiÐcantly larger population of stars (at
similar masses and ages) without a UV excess or for which
we could not measure a U magnitude necessarily consti-
tutes a population of stars with accretion rates that are
much less than those seen in Figure 23. The interaction of
all of the selection e†ects and sensitivity issues results in the
brightest candidates (those with highest being moreM0 )
readily detected in each age bin and an overall trend that
resembles the detection limits. However, Figure 11 reveals
explicitly how many stars were observed to contribute to
the Ðnal selection of disk candidates. For example, in Figure
11c, D400 stars are observed (most with U below our
threshold) between ages 106.1 and 106.3 to produce the D30
stars with U excesses plotted in Figure 23b. Although we
should be sensitive to stars with at ages D106.3M0 D 10~7.5
in Figure 23a, we do not see them. This hole is still present
in Figure 23b, but the completeness limit prevents us from
drawing any Ðrm conclusions. In Figure 23c, the spectro-
scopic sample, overall is generally larger than thoseM0
obtained for the ensemble, but there is still a lack of older
stars with higher Although any trends found in this dataM0 .
may be masked by selection e†ects, this lack of older stars
with higher accretion rates is real.

We can also investigate the relationship between andM0
stellar mass (see Fig. 24). As before, the limits in age and
mass as established in the mass histograms, Figures 12a and
12b, are also used for the photometric ensemble here in
Figures 24a and 24b ; Figure 24c is the spectroscopic
sample. As with the trend against age above, the spectro-
scopic sample overall has higher mass accretion rates than
the photometric ensemble.

As in the correlation with age, the lower envelope of the
data tracks the detection limits, and the upper envelope of
the data is not as sensitive to the detection limits. We are
still detecting only the brightest stars in each range of
masses, but note that we should be sensitive to stars of
log (M)D [0.65 with accretion rates but weZ10~7.5,
do not see them. There are more than 400 stars observed
in (most with U below our threshold) withV IC[0.8\ log (M)\ [0.6, and none of them have M0 [
10~7.5. T he lack of stars with high accretion rates and low
masses is real and not an observational artifact.

In conclusion, although we should be sensitive to stars
with high and ages 1È3 Myr, we do not see them, nor doM0
we see stars with high and low masses. Although theM0
selection e†ects are complicated, we believe the lack of stars
in these ranges is real and indicates the presence of real
characteristics of the change of with stellar age and mass.M0

7.5. Accretion Disk Fraction
The oldest, youngest, and range of ages of the accretion

disk candidates are all of interest for exploring the range of
disk lifetimes and evolution of disks and, ultimately, the
development of planetary systems. However, the compli-
cated selection e†ects as a function of age and mass and the

FIG. 24.ÈValues of derived via Gullbring et al. (1998) plotted vs.M0
mass (a) for the photometric ensemble between 0.1 and 3 Myr, (b) for the
photometric ensemble between 0.1 and 1 Myr, and (c) for the spectroscopic
sample. In all three panels, open circles are stars with dashedV [ICº 2.86,
lines are completeness limits from Fig. 12 (data more complete to the right
of the lines), and solid lines are detection limits from Fig. 22 for 0.1, 0.3, 1,
and 3 Myr (top to bottom). In (c), squares are the stars between 1 and 3
Myr ; for comparison with (a), include the squares, and for comparison
with (b), omit them. Star counts in each panel : (a) 197, (b) 109, (c) 44.
Although any trends found in these data may be masked by selection
e†ects, the lack of stars with high accretion rates and low masses is real.

limited membership information restrict our ability to cal-
culate an accretion disk fraction. Strictly speaking, any disk
fractions we calculate are lower limits to the true disk frac-
tion.

As can be seen in Figure 16, there are some stars that are
slightly younger than 105 yr with UV excesses, some quite
large, but none much younger than the youngest isochrone.
(Recall that we cannot formally Ðnd ages or masses for stars
outside the DAM grid.) The oldest members of Orion, of
course, are lost by the cuto† used to separate the Orion
locus from the Ðeld stars. The oldest accretion disk candi-
dates we Ðnd, however, are comparable in age to the oldest
stars without UV excesses above the Ðeld star cuto†.

The fraction of accretion disk candidates for stars within
the DAM grid is D0.40 and is constant over several bins of
age, mass, and radial distance from h Ori. Hillenbrand et al.
(1998), using IR disk detection methods, investigated disk
fraction as a function of distance from h Ori ; these data,
constrained in a similar fashion to our data, result in com-
parable disk fractions in the range of distances where we
overlap (D1.5È2.5 pc).

8. CONCLUSIONS

In this study of the Orion Nebula Cluster Ñanking Ðelds,
we have come to the following major conclusions.

1. Based on DAM ages, the mean age and age spread of
our sample is 6.0 ^ 0.4 dex, consistent with but possibly
older than the ages of stars in the Trapezium region report-
ed by Hillenbrand (1997).
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2. We Ðnd disk candidates at all ages and masses of our
sample. The fraction of disk candidates is approximately
constant at D40% for a range of masses and ages but is
strictly a lower limit to the true disk fraction.

3. By constructing some simple models, we determined
our approximate e†ective minimum detectable as a func-M0
tion of age, and mass. Accretion is not detectableV [ IC,for the earliest types/largest masses. Lower accretion rates
are detectable for older lower mass stars than younger
lower mass stars.

4. Despite these complicated selection e†ects, which
mask overall trends in with mass and age, we derive aM0
trend with age that is consistent with that found for Taurus-
Auriga by Hartmann et al. (1998) and a trend with mass
that is consistent with that found for higher masses by Hill-
enbrand et al. (1992).

5. Again, despite these complicated selection e†ects,
there are stars with certain characteristics to which we
should be sensitive, but which we do not see. We do not see
stars with high and ages 1È3 Myr, nor do we see starsM0
with high and masses 0.2È0.3 In this context, ““ highM0 M

_
.

refers to rates comparable to those obtained elsewhereM0 ÏÏ
in our distribution, to [7.5, although thelog M0 D[8
absolute value of the accretion rate is likely to be subject to
systematic uncertainties ; for example, using di†erent
reddening values changes the range of obtained, but theM0
““ holes ÏÏ in the diagrams remain.

6. The stellar surface density falls o† faster with distance
from h Ori (the center of Trapezium) in Ðeld 1 and is essen-
tially constant in Ðelds 2 and 4, supporting the roughly

north-south elliptical stellar surface density distribution
found by Hillenbrand & Hartmann (1998) for the Tra-
pezium region.

7. We expected to Ðnd di†erences among the three Ðelds
studied, but they are remarkably identical in many ways,
including age, age spread, and mass, UV excess, and A

Idistributions. The only way in which they signiÐcantly di†er
is in stellar surface density.

Light curves and their interpretation for most of these
targets will be presented in a forthcoming study (Rebull
2000).
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APPENDIX A

UV VERSUS IR DISK DETECTION

Having established our UV disk detection limit and investigated several implications of this limit, the question naturally
arises of how to compare our UV-based survey results with that of more common IR disk surveys. KH present optical and
infrared colors for stars in Taurus-Auriga, and these data allow us to investigate the use of UV versus IR disk detection.

After investigating several color indexes, KH conclude that K[L provides the most robust discrimination to distinguish
WTTS (with no accretion disk indicators) from CTTS (with accretion disk indicators). Since L -band measurements are often
difficult to obtain, H[K is also frequently used as a disk indicator. More recently, Hillenbrand et al. (1998) in their study of
stars in the Trapezium region used excess as a disk indicator. Excesses for all of these color indexes are calculated in aIC[K
manner similar to that used in this paper to calculate U[V excess. For completeness, here we compare the use of UV excess
to K[L excess, H[K excess, and excess as disk indicators.IC[K

Of the data presented from Taurus-Auriga in KH, there are D80 stars with UV IHKL data between types K0 and M4. We
applied our analysis as described above to determine UV excess, which is plotted against K[L excess in Figure 25a, against
H[K excess in Figure 25b, and against excess in Figure 25c.IC[K

Of the stars selected as disk candidates using an IR method, 76% of stars showing a K[L excess are recovered using the
UV method, 77% of stars showing a H[K excess are recovered, and 65% with an excess are recovered. The stars thatIC[K
are selected as disk candidates based on UV excess but not based on IR methods are likely to be stars with an unfavorable
inclination or large disk holes or both. Stars that are selected as disk candidates based on IR methods but not UV excess may
have low accretion rates or incorrect reddening corrections.

APPENDIX B

Ca AND Ha

In other studies, disk candidate identiÐcation has been done from Ha surveys. Although our classiÐcation spectra include
the Ca II infrared triplet and Ha, we are not conÐdent in Ha as an additional disk diagnostic, because in the ONC there is
substantial nebular emission at Ha ; it cannot be relied upon in the absence of other indicators to diagnose active accretion or
disk presence or both. The Ca IR triplet has also been discussed as a disk indicator (Hillenbrand et al. 1998), and equivalent



-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
UV excess

-200

-150

-100

-50

0

H
α 

E
Q

W
 (

A
)

3042 REBULL ET AL. Vol. 119

FIG. 25.ÈComparison of IR and UV disk indicators, based on data from Taurus found in KH. The dashed horizontal line is the UV excess limit
established for disk candidates, [0.5. In (a) K[L excess greater than 0.30 constitutes a disk candidate ; in (b) H[K excess greater than 0.2 constitutes a disk
candidate ; in (c) excess greater than 0.3 constitutes a disk candidate. All methods Ðnd most of the disk candidates. Star counts in each quadrant,IC[K
clockwise from upper right-hand corner : (a) 12, 37, 3, 28 ; (b) 10, 34, 11, 33 ; (c) 19, 36, 9, 24.

FIG. 26.ÈMean equivalent width for nebula-subtracted Ha plotted against UV excess. The dashed vertical line corresponds to disk candidate selection
limit. Measurement of lines was not possible for every classiÐable spectrum, but the stars with the largest UV excesses also tend to have Ha in strong
emission.

widths have even been used to determine mass accretion rates (Muzerolle et al. 1998). Our resolution is insufficient to use the
Ca lines in this fashion, and there is additional confusion with nebular H emission in the Paschen series.

In Figure 26 we show that the stars with the largest UV excesses also tend to have Ha in strong emission. We plot only stars
for which we are able to measure equivalent widths ; there are several others for which such measurements are not possible
either because of low signal-to-noise ratio or because the lines are Ðlled in to the level of the continuum. We conclude that UV
excess is a more reliable indicator of disk presence than Ca II or Ha equivalent width.
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